In this work, we experimentally demonstrate simultaneous occurrence of second-,third-, fourth-harmonic generation, sum-frequency generation, four-wave mixing and six-wave mixing processes in III-V semiconductor metasurfaces with spectra spanning from the UV to the near-IR.
Introduction
A frequency mixer is a device that generates new frequencies by mixing two or more signals. Its applications are widespread in scientific research and everydays devices. However, nonlinear frequency conversion at optical frequencies suitable for small scale integration still remains challenging: the intrinsic nonlinearities in bulk materials are extremely weak, and strong field intensities are needed to achieve efficient mixing. Moreover, matching of the optical phases of pumping and generated frequencies is a critical requirement for nonlinear frequency mixing. In this work, we propose to use a III-V semicounductor metasurface as a frequency mixer at optical frequencies, since it allows us to overcome some of these constraints. Like other nanostructures, all-dielectric metasurfaces relax phase matching conditions and support the simultaneous generation of new frequencies [1, 2] . Moreover, dielectric metasurfaces show higher damage threshold and higher conversion efficiencies than plasmonic metasurfaces and nanostructures [3, 4] . Thus, here we employ both even and odd nonlinearities of GaAs and its metasurfaces to support simultaneous generation of seven different nonlinear processes: second-(SHG), third-(THG) and fourthharmonic generation (FHG), sum-frequency generation (SFG), two-photon absorption induced photoluminescence (PL), four-wave mixing (FWM) and six-wave mixing (SWM). Fig. 1(a) shows a schematic of the optical metamixer that is based on a GaAs metasurface. It consists of a periodic square array of nanocylinders with a diameter of ~420 nm. Each nanocylinder has three layers: a top, ~200 nm wide SiO 2 etch mask , a middle ~400 nm thick GaAs layer that is spatially separated from the substrate by a bottom layer, (Al 0.85 Ga 0.15 ) 2 O 3 (~450 nm). The reflectivity spectrum of the metasurface with nanocylinders diameter of 420 nm shows two peaks attributed to the excitation of the first-order Mie modes of the metasurface nanoresonators: magnetic dipole (MD) at ~1520 nm and electric dipole (ED) at ~1270 nm ( Fig. 1(b) ). First, we pump the GaAs nanocylinder metasurface using a single near-IR femtosecond beam with a wavelength near the MD resonance ( 1~1 570 nm). In the nonlinear spectra shown in Fig. 1(c) , we observe simultaneous generation of second-, third-and, fourth-harmonics, as well as bandedge photoluminescence emission that is excited by the two-photon absorption (TPA) of the pump.
Frequency mixing in dielectric metasurfaces
Next, we pump the metasurface with two near-IR pulses. The pumping wavelengths indicated by the arrows in Fig. 1(b) were chosen to achieve the highest efficiencies of the newly generated frequencies, by overlapping the laser wavelengths with the two dipole resonances. When the two pump laser pulses arrive at the GaAs metasurface at the same time we observe a total of eleven new frequencies spanning the UV to the near-IR, Fig. 2(a) . The generated signals can be divided into two groups: six signals rely on only one of the two pump beams:-SHG, THG, FHG and PL emission (labeled in blue), and five frequency mixing signals rely on both pump beams (labeled in red) -SFG, SWM, and three signals corresponding to FWM 2 1 2 , 2 1 + 2 , and 1 +2 2 . The generation mechanism of the frequency mixing processes were confirmed by measurements of the output spectra for various pump wavelengths and for different pump powers. Fig 2. (a) Frequency mixing spectrum generated by the optical metamixer based on the GaAs metasurface. Blue labels indicate harmonic generation and PL processes that are supported only by one pumping pulse. Red labels indicate frequency mixing processes that are generated only when two pulses are pumping the sample simultaneously. (b) 2D contour image (logarithmic scale) showing the evolution of the frequency mixing spectra when the time delay between the two pump pulses is varied. (c) The SHG 1 intensity dynamics induced by the second pump 2, fitted by the exponential function with the time constant of ~3.7 ps. Fig. 2(b) shows a 2D contour image of a time-delay-dependent nonlinear frequency mixing spectra. The harmonic generation signals as well as the PL emission that rely on a single pump beam are generated regardless of the delay between the pulses. On the contrary, the frequency mixing signals appear only when the two pump pulses reach the metasurface at the same time. More interestingly, we also observe quenching of either single pump second-harmonic generation when the other pulse is pumping the metasurface. For example, Fig. 2(c) shows the dynamics of the SHG 1 : its peak intensity decreases drastically when the time-delay between the pumping pulses is zero; at negative time-delay SHG 1 intensity slowly recovers. The recovery time originates from the surfacemediated recombination processes of free carriers [5] . This behavior of SHG quenching can be described by the decrease of the electromagnetic field concentration inside the nanoresonators, caused by free-carrier induced changes in the dielectric permittivity that lead to the spectral shift and to the broadening of the Mie resonances.
Our demonstration of simultaneous generation of eleven new frequencies in the GaAs dielectric metasurfaces not only shows new possibilities of nonlinear optical mixing in nanostructures, but also paves the road for realizing ultra-compact optical frequency mixers.
